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ABSTRACT 
Certain  morphological features  of  intracellular  crystal  formation  within  the 
midgut glands of Limnoria lignorum (Rathke)  have been studied with the electron 
microscope and cytochemical methods. A correlation has been established between 
Golgi membranes and formation of the crystals. 
The Prussian  blue reaction reveals quantities of iron localized in the intracel- 
lular crystals and in small granular structures seen in the apical region of the cells. 
These  granules  can  be  identified  as  accumulations  of  Golgi  membranes,  with 
which iron-containing particles are associated.  When  these membrane configura- 
tions  are  studied  with  the  electron  microscope,  they  can  be  classified  and  ar- 
ranged in an assumed sequence which is thought to represent successive stages in 
the development of crystals. 
As the membrane systems become progressively specialized,  increasing accumu- 
lations of dense granular material appear within their interstices.  This material 
is rich in iron and probably represents the component responsible for the positive 
Prussian blue reaction. This material also appears to be a precursor substance for 
iron-containing protein  molecules which  are  synthesized  and  arranged  to  make 
up the crystals. These iron-containing molecules are first deposited in orderly array 
as double rows of dense particles on certain internal membranes of the specialized 
Golgi complexes.  The membranes later disappear and the particles form definitive 
crystals by rearrangement into a hexagonal close-packed pattern. 
INTRODUCTION 
Intracellular  crystals  have  been  known  for 
many years,  and  have been observed in a  number 
of  biological systems.  Thus  Bensley  (1914)  noted 
crystals  in the cytoplasm of the thyroid epithelial 
cells of the opossum. Berg (1929)  and Weatherford 
(1938)  found  intranuclear  crystals  in  liver and  in 
kidney  tubule  cells  of  members  of  the  canine 
family.  Fawcett  and  Burgos  (1956)  have  studied 
crystals in testicular cells. Hannay and Fitz-James 
(1955)  pictured  crystals  in  Bacillus thuringiensis, 
and  Bloch,  Morgan,  Godman,  Howe,  and  Rose 
(1957)  and  Morgan,  Howe,  Rose,  and  Moore 
(1956)  have  described  crystals  associated  with 
virus  infections  in  HeLa  cells  in  tissue  culture. 
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Many  other examples could be cited  but  this  will 
suffice  to  indicate  the  variety  and  apparent 
capriciousness  of  the  occurrence  of  intracellular 
crystals. 
Intracellular  crystals  were  mentioned  by 
Kofoid and  Miller  (1927)  in epithelial cells of the 
midgut  glands  of  the wood-eating marine  isopod, 
Limnoria  lignorum.  This  present  paper  presents 
a  further study  of these crystals,  as related  to the 
fine  structure  of  the  gland.  Early  stages  in  the 
formation  of  these  crystals  have  been  recognized 
and  found  to  occur in association with membrane 
components  in  the  cytoplasm  of  the  ceils.  This 
association  seemed  to  be  of  sufficient  interest  to 
warrant  an  introductory  exploratory  study  de- 
signed  to  provide  a  basis  for  a  more  detailed 
analysis. 
Limnorla lignorum has the peculiar ability to utilize 
cellulose  as  its  principal  food  supply.  The  midgut 
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glands  of  this  animal  produce  a  cellulase  which  hy- 
drolyzes cellulose into simple sugars which the animal 
can then use for its metabolic processes.  The physio- 
logical  and  biochemical  features  of  this  gland  have 
been studied  extensively by  Ray  and  Comita  (1952) 
and  Ray  (1958).  The  ability  of  Limnoria to  digest 
cellulose has endowed it with economic importance as 
a  significant destroyer of piling and ships' planking in 
salt  water.  Kofoid  and  Miller's  (1927)  monograph 
deals  with  many  of  these  characteristics.  The  mono- 
graph by Richardson (1905) and the article by Menzies 
(1954)  provide additional descriptions of this form. 
General  Features  of  the  Midgut  Gland 
The  gross  and  histological  features  of  the mid- 
gut  gland  have  been  adequately  described  by 
Kofoid  and Miller  (1927).  Since his monograph is 
somewhat  difficult  to  procure,  it  may  be  helpful 
to  recapitulate  and  re-illustrate  essential  features 
here.  If  one  grasps  the  head  of  the  animal  with 
fine forceps  and  pulls  it free  from  the body,  it  is 
accompanied  by  foregut  and  midgut,  which  are 
firmly attached  to  the head.  Most of  the hindgut 
usually  remains  in  the  body  of  the  animal.  At- 
tached  to  the midgut  accompanying  the head are 
the  four  midgut  glands  (Fig.  1).  These  appear  to 
be  nearly  identical  in  structure,  except  for  size. 
Each  gland  consists  essentially  of  a  simple  elon- 
gated  sac comprised  of  a  single layer of  epithelial 
cells,  surrounded  by  an  open  rectangular  mesh- 
work  of  fine  striated  muscle  fibers.  Each  gland 
is  about  2  to  3  mm.  long  and  about  100  /~  in 
diameter.  The  glands  communicate  with  the 
lumen  of  the  midgut  through  short  ducts. 
The  cytological  details  of  the  constituent  epi- 
thelial cells are  not  very  well understood.  Kofoid 
and  Miller  (1927)  mention  only  one  type  of  epi- 
thelial  cell  in  the  midgut  gland.  In  the  present 
study  evidence  of  some  variability  in  the  epi- 
thelial cells has been observed but it is not known 
if this reflects the presence in these glands of more 
than one type of epithelial cell,  or if it represents 
structural variations of a  single cell  type incident 
to  varying  physiological  states.  The  main  fea- 
tures  of  these  cells  as  seen  with  the  light  micro- 
scope  are  shown  in  Fig.  2.  It  can  be  seen  that 
the cells are binucleate. Many of the cells contain 
pigmented  granules.  The  cells  are  rather  large, 
and  may  be  70  or  80  ~  across.  They  vary  in 
height up to 60 #. 
Crystals  are  found  occasionally  in  the  cyto- 
plasm  of  some  of  the  epithelial  cells.  The  larger 
crystals  are  clearly  discernible  with  the  light 
microscope,  and  may  range  up  to  30  #  in  length 
and  15 #  in thickness.  Smaller ones can be found 
down  to  the  limits  of  resolution  of  the  light 
microscope.  Large  ones  can  be  found  anywhere 
in  the  cytoplasm  of  the  cell,  but  very  small ones 
are  most  frequently  encountered  between  the 
nucleus  and  the  secretory  pole  of  the  cell.  Many 
crystals may be found in a  single cell.  No  crystals 
have been encountered in the lumen of  the gland. 
The  occurrence  of  these  crystals  is  sporadic. 
In  many  animals  no  crystals  can  be  found.  The 
proportion  of  animals  displaying  crystals  varies 
from  population  to  population,  and  no  satisfac- 
tory correlation of presence or absence of crystals 
has  been  made  with  season,  temperature,  state 
of  nutrition,  diet,  or  any  other  known  factor. 
Kofoid  and  Miller  (1927)  thought  that  these 
crystals  might  consist  of  uric  acid,  but  their fine 
structure  and  chemical  features  as  elucidated 
here,  make  this  seem  unlikely.  It  is  presumed 
here  that  the  crystals  are  rich  in  protein  and 
iron,  but  further  understanding  of  their  compo- 
sition  and  significance  must  await  more  detailed 
study. 
Materials  and Methods 
Pieces  of  driftwood  or  piling  harboring  Limnoria 
were  collected  from  intertidal  areas  of  Puget  Sound 
and stored in  the circulating sea water system  of  the 
Department  of  Oceanography  of  the  University  of 
Washington.  Small  bits  of  infested  wood  were  taken 
as  material was  needed,  and  individual animals were 
picked  from  their  burrows  in  the  wood.  The  glands 
were  removed  as  described  on  this  page.  They  were 
immersed for 1 hour in a fixative containing  1 per cent 
osmium  tetroxide  in  a  solution  of  equal  amounts  of 
sea  water  and  veronal acetate  buffer  made  isotonic 
with sea water by addition of a  calculated amount of 
NaC1.  The fixed  glands were washed, dehydrated, and 
embedded  in  the  usual  manner.  They  were  sectioned 
on a  Porter-Blum microtome  (1953)  and examined in 
an  RCA  EMU-2C  electron  microscope  fitted  with  a 
special  stabilized  power  supply,  a  compensated  ob- 
jective, and an objective aperture. 
Considerable effort was  expended in  trying various 
fixation methods  in  attempts  to  circumvent  the  well 
known difficulties of fixing adequately marine material 
for  electron  microscopy.  No  very  satisfying  solution 
was  found,  but  the  fixative mentioned above  yielded 
the  results  reproduced  herewith,  which  are  the  best 
obtained so far in this study. 
Glands to be stained for ferric iron were removed in 
the  above manner and  fixed  for  24 hours in  a  5  per 
cent  solution  of  distilled  trichloroacetic  acid.  They 
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reaction  of  Perls  as  described  in  Lillie  (1954). The 
solvents used  were  rendered  free  of heavy metals by 
treatment with a  cationic exchange  resin. 
General Features  and  Basis for Interpretation.-- 
This description will be restricted to observations 
deemed  to  be  relevant  to  the  formation  and 
structure  of  the  intracellular crystals in  the  epi- 
thelial cells of the midgut glands of Limnoria. 
Large  intracellular  crystals  are  conspicuous 
objects and are readily recognized in the electron 
micrographs (Figs. 19 and 20). It can be observed 
at  once  that  they  are  composed  of  numerous 
spheroidal dense bodies packed in some sort of a 
geometrical pattern. A detailed description of these 
crystals will be reserved for later passages in this 
paper.  Small  crystalline  aggregates  of  particles 
resembling those in the large crystals are also en- 
countered in the sections. Some of these aggrega- 
tions are so small and  slender as to render it un- 
likely that  they would be recognized in  the light 
microscope (Figs. 9  to  12).  Aggregates containing 
few particles are thought to represent examples of 
early stages of crystal formation. Such simple and 
small aggregates are associated with portions of the 
internal cytoplasmic membrane system of the cell 
(Figs.  9  to  16).  This  association has  led  to  the 
interpretation that the crystals are formed in rela- 
tion to the membranes. 
The  membranes  characterizing this  association 
are of the agranular type (Palade, (1956); Palade 
and  Porter,  (1954)),  by  which  it  is  meant  that 
they  are  not  accompanied  by  ergastoplasmic 
granules, often called "particles of Palade" which 
are  deemed  to  be  rich  in  RNP.  These  smooth 
membranes can be recognized as corresponding to 
those  of  the  Golgi  apparatus  or  Golgi  complex 
as described by Dalton and Felix (1956),  Sj6strand 
(1956),  Sji3strand and  Hanzon  (1954),  and  Lacy 
(1957). 
Agranular  membranes  of  the  Golgi  type  are 
also  often  encountered  in  electron  micrographs 
without any encumbrance by particles of the sort 
found in the crystals (Figs. 3 to 8). It can be seen 
that  variable  configurations of  these  membranes 
have  been  observed.  These  configurations  vary 
from  stacks of closely packed flattened agranular 
cisternae (Fig. 3)  to aggregates of bullous rounded 
vesicles (Figs. 7 and 8). 
Intergradations between the extremes have been 
found  (Figs. 4 to 6). The variant configurations of 
these membranes  shown  in  Figs. 3  to  8  resemble 
one  or  another  of  characteristic Golgi membrane 
patterns described in other types of ceils by other 
authors  (Palade  (1955  and  1956),  Palay  and 
Palade  (1955),  Burgos  and  Fawcett  (1955), 
Sj6strand (1956),  Beams, Tahmisian, Devine, and 
Anderson  (1956),  Lacy  (1957),  Sj6strand  and 
Hanzon  (1954),  Yamada  (1955),  Dalton  and 
Felix (1956),  and  Clermont  (1956)). 
These  considerations have  led  to  the  interpre- 
tation  that  the  intracellular crystals of  the Lim- 
noria  midgut cells form  in association with mem- 
branes of the Golgi bodies. The micrographs have 
led to  the further  interpretation that  the variant 
configurations of the  membranes represent stages 
of activity of this portion of the cell prior to and 
during the elaboration and the arrangement of the 
crystal  particles.  Micrographs  presenting  images 
of the  Golgi membranes in various patterns have 
been arranged in an order (Figs 3 to  11)  thought 
to represent successive stages in time as might ap- 
pear in a single cell engaged in the preparation and 
elaboration  of  the  crystals and  their  component 
particles. The following description and presenta- 
tion  of  the  figures  is  based  on  this  premise. 
Membranes.--For  purposes  of  simplicity,  the 
various  Golgi  membrane  configurations  thought 
to  represent  stages  of  cellular  activity  can  be 
classified as follows: Type  1,  membranes  forming 
flattened  cisternae  (Fig.  3);  Type  2,  membranes 
forming rounded cisternae (Figs. 5 and 6) ; Type 3, 
membrane  systems  forming  a  group  of  cisternae 
surrounded  by  a  limiting membrane  (Figs.  7  to 
9);  and  Type 4,  membranes  with  crystals  (Figs. 
9 to 12). 
Membrane complexes of Type 1 are found close 
to  the nucleus and lie in cytoplasmic regions rich 
in ergastoplasmic particles and components of the 
endoplasmic  reticulum.  They  form  aggregates 
1 to 2 # in length and up to 0.5 # thick, and consist 
of  stacks  of  closely  packed  flattened  cisternae 
(Palade,  (1955  and  1956),  Palay  and  Palade, 
(1955)).  The  cisternal cavities are  70  A  or  more 
thick  and  the  external  surfaces  of  two  adjacent 
sacks are separated by  70  to  100  A  (Fig. 3).  As- 
sociated  with  the  aggregates  are  membrane- 
bounded  granules  (B,  Fig.  3)  with  an  ill defined 
moderately dense internal structure and numerous 
small vesicles similar to those seen by many authors 
in relation to the Golgi complex. 
Membrane  complexes of  Type 2  are  displayed 
in  Figs 4,  5,  and  6.  Their  configurations suggest 
that  they  could  have  formed  from  complexes of 
Type  1  by  distention  of  cisternal  cavities  from 
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Type 2  systems the  oval distended cisternae are 
arranged parallel to each other (Fig. 4).  In others 
they take  the appearance of  an arch or  encircle- 
ment  curving  with  reference  to  some  central 
focus  (Fig.  6).  Fine filamentous densities can be 
seen within the  cisternae at  this  stage  (Fig.  6). 
These are interpreted as the first accumulations of 
intracisternal  materials,  which  become  more 
conspicuous  in  later  stages  (Figs.  7  and  8). 
Membrane complexes  of Type 3 (Figs.  7 and 8) 
are likewise  about 2 #  in diameter and show  all 
ellipsoidal cross-section.  They are scattered about 
in the apical portion of the cytoplasm, often rela- 
tively far  from  the  nucleus. They may occur  in 
aggregates,  and  many  can  be  seen  in  one  cell. 
They  consist of  a  number of  rounded  distended 
cisternae enclosed  in a  single large vesicle  formed 
by  a  spheroidal membrane enclosing the  smaller 
units.  In  some  areas  (X,  Fig.  7),  three  or  four 
plies can be distinguished in the circumference of a 
single vesicle.  The  relationship of  these  various 
membranes is  not  entirely clear  from  these  pic- 
tures,  but it  is evident that  the pattern may be 
complex.  In  some  instances,  the  appearance  of 
configurations such as illustrated by Figs. 7 and 8 
may be obtained by an equatorial cut of  a  con- 
centric complex  like the  one in Fig.  6.  Accumu- 
lations of dense granular material are conspicuous 
within  the  cisternae.  No  crystalline pattern  or 
order is evident at this state. Complexes of Type 3 
with  abundant  intracisternal  densities,  can  be 
recognized  in the light microscope  as yellow-brown 
granules in unstained preparations. It is possible 
that the dense amorphous material characteristic 
of  the  complexes  at  this  stage  may  represent  a 
precursor  or  constituent  portion  of  the  final 
particles  comprising  the  mature  crystal. 
The simplest and hence presumably the earliest 
accumulations  of  particles  in  crystalline  array 
are found in membrane systems resembling those 
of Type 3, as shown in Fig. 9. The recognition of 
crystalline particles in such  a  complex,  however, 
codes it as belonging to Type 4, as shown in Figs. 
I0  to  12.  Membrane aggregates  of  Type  4  are 
characterized  by  membranes,  by  amorphous  or 
non-crystalline accumulations of  dense  particles, 
and  by crystals.  In later stages  of  Type 4  com- 
plexes,  the  membrane system  becomes  elaborate 
and displays interesting features of ordered array. 
The Type 4 complexes vary somewhat in size, and 
may achieve diameters of  1 to 3/~. They are dis- 
tributed widely over the secretory pole of the cell. 
They  are  surrounded  over-all by  limiting mem- 
branes, the relations of which are complicated and 
have not been unravelled. 
The order of arrangement of the representative 
samples  of  the  membrane  complexes  shown  in 
Figs. 9 to 12 is meant to convey the interpretation 
that  with  increasing  maturity  this  organelle 
shows  a  tendency towards flattening of the form- 
erly bullous cisternae, a  significant elaboration of 
the  constituent  internal  membranes,  the  ap- 
pearance of  orderly arrangements amongst them 
and the accumulation or  distribution of granular 
material widely throughout  the  substance of  the 
organelle. 
Crystal Formation.--Concepts of  the  sequence 
of events in crystal formation are based on inter- 
pretations of  evidence such  as  that  presented  in 
Figs. 9 to  17. These figures  are again arranged in 
an assumed order thought to represent successive 
stages in time in the formation of a mature crystal. 
The simplest and presumably earliest manifesta- 
tions of crystal formation are shown at high magni- 
fication in Figs.  13 and 14. Fig.  13  represents an 
enlargement of  an  area  also  shown  in  Fig.  11. 
Fig. 10 shows another example of a similar stage at 
low  magnification.  Fig.  9  portrays  a  cisternal 
complex  at an earlier stage than that in Figs.  10 
to 12, but its crystalline accumulation evidences a 
higher degree  of order than those in Figs. 9 to  14. 
The  crystalline body  of  Fig.  9  is  reproduced  at 
higher magnification in Fig. 15. It is quite possible 
that  sections through other portions of  the  com- 
plex  shown  in  Fig.  9,  had  they  been examined, 
might have revealed  very early stages  of  crystal 
formation. But the degree  of order represented in 
the  crystalline lattice  shown  in  Figs.  9  and  15 
is  deemed  to  be  sufficient to  relegate  this  par- 
ticular sample of crystal to a later stage than those 
displayed in Figs. 10 to 14. 
Close  attention is now invited to  Figs.  13  and 
14. The preservation of detail leaves something to 
be  desired,  but  the  following  description  and 
interpretation are  offered.  Fig.  13  is  judged  to 
represent the earliest stage of crystal formation so 
far recognized.  A dense accumulation of  material 
is shown at K. This is deemed to represent a com- 
pact  amorphous  concentration of  dense particles 
similar to  those  shown  in Figs.  7,  8,  9,  and  10. 
This  accumulation  is  surrounded  by  structures 
of moderate density, thought to represent a bound- 
ing membrane system. From this radiate a number 
of discrete membranes which curve and continue to 
form  the  component  membranes  of  a  stack  of 
flattened  parallel  cisternae  with  which  are  as- STANLEY W.  STRUNK  389 
sociated the particles destined to form the crystal. 
Each  of these membranes, as can be observed in 
Fig.  13,  has  2  rows  of  associated  particles  of 
varying  shape  arranged  on  the  surface  of  each 
side of a cisterna. Fig. 14 represents what is taken 
to be the next step in the development of a  fully 
formed  crystal.  In  this  instance  one  can  again 
note double rows of parallel aggregates of particles 
encircled  by  a  limiting membrane.  The  primary 
difference between this stage and the one pictured 
in Fig. 13 is the lack of obvious supporting mem- 
branes associated with each double row of particles. 
Fig.  15  represents a  step slightly more advanced 
than that seen in Fig. 14. In this micrograph there 
again appears to be a  membrane surrounding the 
crystal,  but  no  membranes  are  visible  in  the 
vicinity  of  the  particles  themselves.  A  particle 
orientation, reminiscent of the double parallel row 
structure  seen  in  Fig.  14,  is  apparent  in  certain 
portions of the crystal, but on  the extreme right 
the configuration more closely resembles that of a 
hexagonal  close-packed  pattern.  An  hexagonal 
pattern  is  very  clear  in  Fig.  16,  and  in  Fig.  17 
which is an enlargement of Fig. 16. In these figures 
there is no indication of a  membrane surrounding 
the  crystal,  nor  of  membranes  intimately  as- 
sociated  with  the  particles.  The  particles  them- 
selves are spheroidal in shape and have a diameter 
of about 60 A  with a  center-to-center distance of 
about  90  A.  At  high  magnification,  as  seen  in 
Fig. 17, they appear as dense homogeneous bodies 
which,  at  this  resolution,  show  no  internal  sub- 
structure  such  as  observed  by  Richter  (1958) 
in  ferritin.  All  the  particles  in  the  well  formed 
crystals  seem  to  have  the  same  morphological 
characteristics. 
The  precise fate  of  these  small  crystals  is,  in 
part, unclear, but evidence from micrographs, such 
as  Fig.  18,  indicates  that  they  are  the  building 
blocks from which the larger intracellular crystals 
are formed. This process is envisioned as occuring 
by  an  accretion  of numerous  small crystals into 
larger masses.  These  can  be  recognized with  the 
light  microscope  as  homogeneous  dipyramidal 
crystals (Fig. 1). Fig. 18 shows two small crystals 
lying in  apposition  to  each  other  with  a  rather 
ill  defined  cleavage  plane  between  them.  The 
fully formed larger dipyramidal crystals (Fig.  19) 
are  seen  to  be  composed  of  the  same  type  of 
discrete  spheroidal  dense  bodies  found  in  the 
smaller  crystals.  The  alignment  coordinates  of 
the particles may not be uniform  throughout the 
whole crystal. One  encounters  crystal dislocation 
boundaries  (D)  (Fig.  18)  outlining  relatively 
small  patches  within  which  the  arrangement  of 
particles  shows  regular  order.  This  patchwork 
appearance  is  interpreted  as  being  the  result  of 
aggregation of numerous small individual crystals. 
The  Prussian  blue  reaction  gave  evidence  of 
much  iron within  the cells of the midgut glands. 
The distribution of the reaction is shown in Fig. 2. 
The  intracellular crystals  were  endowed  with  a 
deep blue color, and in addition, numerous smaller 
non-crystalline blue-staining granules were found 
scattered  about  the  cytoplasm of  the  cells. The 
nuclei were  free of  the  reaction.  These  reactions 
indicated that the crystals contained considerable 
amounts  of  iron,  and  that  iron-containing  non- 
crystalline granular aggregates were also scattered 
abundantly in  the  cytoplasm, particularly in  the 
regions  between  nuclei  and  apices  of  the  cells. 
These granular aggregates containing iron appear 
to  correspond  to  the  Golgi membrane  complexes 
containing dense particles, described in the previous 
passages, and illustrated in Figs. 3 to 9. 
DISCUSSION 
The  significance  of  this  study  hinges  on  the 
view  that  the  crystals  in  the  midgut  cells  are 
comprised  of  an  intracellular  product  of  those 
cells. The molecules comprising these crystals are 
sufficiently large and  discrete to  be resolved and 
recognized with the electron microscope. The sites 
within  the  cell of  the  early  appearance  and  ar- 
rangement of these molecules have been identified, 
and  have  been  found  to  be  in  association with 
membranes  of  the  Golgi  complex.  The  precise 
function of the crystals is unclear, but in addition 
to  possibly  existing  as  a  segregated  or  stored 
iron-containing protein,  this  material may  repre- 
sent  a  secretory  product  of  the  cells.  This  is 
consistent with the concept that the Golgi bodies 
may  have  an  important  role  in  secretion  and 
synthesis. Farquhar and Wellings (1957), Sj6strand 
and Hanzon  (1954),  Sj6strand  (1956),  and Palay 
(1958)  have  also  presented  evidence  in  favor  of 
this view. 
Iron-containing  protein  crystals  described  by 
Favard  and  Carasso  (1958)  in  the  oocytes  of 
Planorbis  during  vitellogenesis  bear  a  striking 
morphological resemblance to  the Limnoria crys- 
tals. The cytoplasmic associations of the respective 
crystals differ somewhat  between  the two  forms. 
The  Limnoria  crystals are  seen  within  modified 
members  of  the  Golgi  complex  while  those  in 
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systems  derived  in part  from  mitochondria and 
Golgi membranes. No evidence implicating mem- 
branes in the organization of the crystalline lattice 
was presented for  the Planorbis  crystals but cer- 
tain  micrographs  suggesting paired  double  rows 
of  crystal  particles  suggest  a  similar method  of 
organization. 
But beyond this, the present Limnoria material 
provides  bases  for  a  more  detailed  hypothesis 
relating to  the  manner and  mechanism whereby 
the Golgi membranes might functioi1 in the elabora- 
tion and organization of cellular products. Judging 
by the localization of  the Prussian blue reaction 
and  the  electron micrographs,  it appears  that  in 
Limnoria,  prior  to  the  definitive appearance  of 
the  iron-containing crystals,  the  midgut  gland 
cells accumulate iron in a less organized form and 
segregate  it  in  masses  amongst  the  membranes 
of the Golgi bodies.  During the definitive process 
of  synthesis,  membrane connections are  formed 
between the  unorganized pool  of  iron-containing 
precursors on  the  one hand and the  sites of  for- 
mation  and  organization  of  the  iron-containing 
molecules  on the other. It is reasonable to postu- 
late that  these  connecting membranes may have 
some physiological significance.  One way in which 
they might function would be to convey or trans- 
port  in an  orderly  manner some  iron-containing 
precursor or component part from the pool to the 
sites at which the molecules  are finally assembled 
and organized. Palade (1956) and Bennett (1956) 
have  discussed  the  properties  of  internal  cyto- 
plasmic  lipoprotein  membranes  and  have  indi- 
cated mechanisms which could be invoked in the 
special  case  of  Limnoria  midgut  cells.  Bennett 
(1956) has specifically outlined a concept of mem- 
brane flow, whereby internal or external cell mem- 
branes could transport particles as on a  conveyer 
belt. The topographic relations evidenced in Fig. 
13 suggest that this concept might reasonably be 
considered  in  searching  for  functional correlates 
of the morphological findings. 
It is evident further from Figs. 13 and 14 that a 
considerable degree  of  spatial  order  can  be  as- 
sociated  with  the  formation and  organization of 
the particles. Each membrane bounding a cisterna 
in the stack is faced  on one side by two layers of 
particles and on the other by another membrane. 
Planes  of  symmetry can  be  placed  between ad- 
jacent membranes or  between pairs  of  layers of 
particles.  Each  individual membrane appears  to 
control  and/or  organize  two  layers  of  particles, 
both of which are on the same side of the pertinent 
membrane.  Moreover,  the  particles  from  their 
earliest  appearance  are  arranged  regularly along 
the surfaces. This suggests that synthetic sites may 
be disposed  with two dimensional order on these 
membranes. Upon completing the task of forming 
and  organizing the  two  layers  of  particles,  the 
membrane disappears, permitting the particles in 
the layers to take positions with members of fellow 
layers in a single crystal lattice. Thus in all arrays 
showing evidence of  early  multiple layer crystal 
formation, the number of layers of particles is even 
(Fig.  15), betraying the  initial formation of  the 
particles in pairs of layers. 
In conclusion, it  can  be  said  that  the  system 
herein described lends itself very favorably to  a 
close  and  careful study  of  certain morphological 
aspects  in  the  production  and  elaboration  of  a 
cellular product  in  close  association  with  Golgi 
membranes.  Although  this  particular  system  is 
highly specialized,  it is hoped that the information 
abstracted from it might help to open new avenues 
of  investigation leading  to  better  understanding 
of processes  of a similar nature occurring in other 
cells. 
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EXPLANATION OF  PLATES 
All figures except Figs.  1 and 2 are prints of electron micrographs of Golgi membranes and intracellular crys- 
tals taken from sections of cells of the midgut glands of Limnoria lignorum fixed  in buffered osmium tetroxide. 
Figs.  1 and 2 are photomicrographs. 
Abbreviations 
A  Cisternae  J  Midgut glands 
B  Membrane-bounded granules  K  Dense material 
C  Crystal  L  Hindgut 
D  Dislocation  M  Membrane 
F  Foregut  N  Nucleus 
G  Granules  P  Particle 
H  Head  S  Nucleolus 
I  Golgi membranes  V  Vesicles 
X  Area of special interest described in text 
PLATE 169 
FIG.  1. A photomicrograph showing the gross morphological features of the digestive system of Limnoria in a 
specimen in which the digestive tract was removed from the animal intact. Seen are the head (H)  with foregut 
(F), midgut with four attached midgut diverticula (J), and hindgut (L). X  40.  (Courtesy of Dr. Dixy Ray.) 
FIO. 2. A photomicrograph of a single cell in a midgut gland of Limnoria stained by the Prussian blue reaction 
for iron. Two nuclei  (N) with nucleoli (S)  are visible. The iron reaction is localized in the intracellular crystals 
(C) and in numerous small granules (G) scattered throughout the apical region of the cell.  These granules appear 
to correspond to Golgi membrane systems as seen with the electron microscope and shown in Figs. 7 to 11. X  600. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  169 
VOL.  5 
(Strunk: Intracellular crystal formation) PLATE 170 
Figs.  3 to 11  illustrate, in sequence,  an arrangement of membrane configurations assumed to represent succes- 
sive stages, in time, in the development of the Golgi complex as associated with the production and organization 
of intracellular crystals and their component parts. 
FIG. 3. Early stage (Type 1), lying adjacent to the nucleus (N). The Golgi membranes (I)  are agranular and 
form flattened parallel cisternae associated with numerous vesicles  (V).  X  43,000. 
Flo. 4. A slightly later stage (Type 2), with beginning distention of the cisternae (A) to form bullous enclosures. 
X  53,000. 
FIO. 5. A Type 2 Golgi aggregate showing a further distention of the cisternae (A).  X  37,000. 
FIG. 6.  A further development of the Golgi  body, showing increased complexity of membranes and cisternae 
curved about some central focus.  Fine filamentous strands can  be seen within some of the cisternae. X  37,000. 
FIG.  7.  Golgi  complex belonging to  early  Type 3,  showing a  membrane (M)  bounding the entire assembly. 
Within some of the cisternae are sparse rather unorganized accumulations of fine dense particles (K)  associated 
with less dense material. This is interpreted as an early manifestation of iron accumulation in these bodies.  The 
iron is believed to be segregated with the destiny of later incorporation into the molecules  of the crystalline prod- 
uct. X  36,000. 
FIG. 8.  A  later  development of a  Type 3  Golgi  complex.  Iron-containing dense particles (K)  are present in 
greater amounts than in Fig. 7.  X  36,000. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  170 
VOL.  5 
(Strunk: Intracellular crystal formation) PLATE 171 
FIG. 9. Early manifestation of Golgi complex Type 4 with crystal (C).  The membrane configuration still retains 
many of the characteristics of Type 3.  Poorly organized  dense iron-containing particles (K-) are found in some of 
the cisternae. An enlargement of the crystal is shown in Fig.  15.  X  63,000. 
FIG. 10. A Type 4 Golgi body with complex membrane systems, enveloped over-all by a membrane system (M). 
Crystalline aggregates of molecules  (C)  are seen close  to less well  ordered accumulations of dense particles  (K) 
thought to be iron-containing precursor constituents. Hexagonal packing is  particularly clear in the crystalline 
accumulation  indicated  by  an  arrow.  X  82,000. 
FIG. 11. A well developed Type 4 Golgi system with elaborate membranes and crystals (C) in process of forma- 
tion. An enlargement of a part of this figure is shown in Fig.  13.  X  71,000. 
FIG.  12.  A portion of a  Type 4  Golgi system, showing the complexity of its constituent membrane system.  X 
100,000. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  171 
VOL.  5 
(Strunk: Intracellular crystal formation) PLATE  172 
Figs.  13  to  17  illustrate in  sequence, a  series of crystals arranged  in  an  assumed  order  thought  to  represent 
successive stages, in time, in the formation of a  mature crystal. 
FIc.  13.  An enlargement of a  portion of Fig.  11,  showing membrane and particle relations at an early stage of 
crystal formation. An amorphous accumulation of dense material (K) to the left is surrounded by membrane ma- 
terial  (M)  which is connected to  membranes bounding flattened  parallel  cisternae.  Two  layers of particles  (_P) 
are found immediately adjacent to each of the cisternal membranes. X  210,000. 
FIG.  14. A further stage in crystal formation. The membranes associated with the particles are caught in a proc- 
ess of dissolution, permitting the layers of molecules to approach each other and form a single crystal.  X  180,000. 
FIG.  15. An enlargement of part of Fig. 9, showing details of an early stage of crystal formation. Twelve layers 
of particles can be distinguished. All traces of membrane between the layers have been lost, but pairs  of  layers 
can still be recognized on the left side of the crystal.  X  180,000. 
Fio.  16. A well developed but small crystal, with particles in hexagonal close packing.  X  180,000. 
FIG.  17. An enlargement of the crystal shown in Fig.  16.  The particles are about  60 A  in diameter, are about 
90 A apart, center-to-center. X  450,000. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  172 
¥OL.  5 
(Strunk: Intracellular crystal formation) FIG. 18. A small crystal with a dislocation  (D), separating two regions with different  orientations of  their re- 
spective crystal axes. X 60,000. 
FIG.  19. A large dipyramidal crystal, showing a number of  dislocations.  X  100,000. 
FIG.  20. An enlargement of  a portion of  Fig.  19. X 300,000. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  173 
VOL.  5 
(Strunk: Intracellular crystal formation) 